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Abstract 
A global safety assessment of geological storage of CO2 involves looking both at the direct protection of the populations wi th 
respect to health and sanitary risks, and at the mitigation of CO 2 with respect to global warming. A set of safety criteria  can be  
defined in order to assess the impact on human and environment of CO 2 leaking from the reservoir. These criteria have to take 
into account the fact that CO 2 can either take the form of gas and cause a threat in case of inhalation or affect the global climate; 
or it can be dissolved in the water and cause a direct threat to health measurable according to drinking water criteri a (pH, 
dissolved elements).  
The nature and amount of potential leakage are calculated by modeling the evolution of the reservoir-caprock system which has 
to include the most important physico chemical phenomena and which can be organized according to (1) a reference case scenario 
for the performance assessment, and (2) to different scenarios in altered conditions for the safety assessment . In this exercise, 
exhaustiveness is often not possible because of the complexity of the system, the coupling between th e different phenomena, or 
the lack of value for some parameters. Dedicated experiments are needed to determine the most critical parameters but 
simplifying hypotheses may still be required. In this case, they have to be justified in terms of their conservative character,
especially with respect to uncertainties and heterogeneities.   
Such an approach is illustrated by looking at a crucial element of the performance of CO 2 storage: the integrity of the caprock 
overlying the reservoir. The safety function of the caprock is to oppose the migration of CO 2 by stopping, limiting, or delaying 
the fluxes towards the geosphere, relying on  adequate  petrophysical, geochemical, and geomechanical properties. Even if the 
caprock initially presents the expected confinement properties of a continuous barrier, it may also contain natural heterogeneity 
to some degree (in composition and/or in properties, i.e. the presence of  fractures) and will also evolve in time due to 
perturbations such as mechanical stress and aggressive fluids. The different leakage scenarios that are identified result from a
phenomenological analysis of the situations encountered in the evolution of the global system. They involve the diffusion of 
dissolved CO 2, the migration of a CO 2 gas bubble through the matrix of the caprock or through fractures. A first series of 
calculations is  shown which intends to assess the flux of CO 2 out of the storage system in the nominal , or reference  situation.
These results are then compared with calculations in degraded conditions including data from geochemical experiments in order 
to investigate the effect of the CO 2 reactivity with the caprock on  transport and geomechanical properties. 
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1. Introduction 
The deep geological storage of CO2 is considered as a promising technological mean for the mitigation of CO2
emission in the atmosphe re. The feasibility of such  a project relies on performance and safety assessment which has 
to ensure the efficie ncy towards global warming  and  protection of the populations with respect to health and sanitary 
risks. In order to achieve this goal, we have to demonstrate that th e geological system of sedimentary formations 
initially offers the confinement properties required for CO2 storage and that these properties will prevail during and 
after the massive injection of CO2 (~1Mt/year for several decades).  
The idea is to develop a methodology that organizes the integration of  all the components and dominant 
processes related to the storage system in order to produce a tool for quantitative safety assessment . This 
methodology has benefited from the experience acquired on radioactive waste storage where the hostrock has  
similar properties and sealing/confinement function as the caprock from depleted oil and gas reservoirs  
(with/without enhanced recovery  using  CO 2) or  deep saline aquifers. Although this methodology applies to the 
complete storage system, from the injection of CO 2 in the reservoir to the geosphere, we will  focus here on the 
integrity of the caprock, which is considered as a crucial component , without developing specific problems 
regarding the wel ls. An important step is to identify the most influent processes (transport, chemical and mechanical 
interactions), to determine the parameters  before CO 2 injection and study the evolution of these parameters as a 
result of the interactions with CO2 in diffe rent scenarios . This can be achieved by integrati ng observations  and data 
coming from:   
- laboratory experiments dedicated to the geochemical reactivity between the minerals constitutive of the caprock 
and the formation water enriched with CO 2, and aiming at  determining the reaction pathways of the reactivity 
and quantifying the kinetics of mineral dissolution/precipitation (e.g. Crédoz et al., this issue),  
- modelling of the geochemical reactivity, integrating the feedback on transport parameters and geomechanical  
parameters (such as porosity, permeability, diffusion coefficient, capillary properties, elastic properties). This 
modelling should be performed at the geological scale in order to calculate the evolution of the caprock 
properties, to quantify potential CO2 migration and to evaluate the impact on the safety of the storage,  
- natural analog ues which can  be used to validate conclusions from extrapolated results obtained on the 
laboratory timescale (year) to phenomena pertinent  to the timescale of interest for CO 2 storage (10,000 to 
millions of years). 
In this paper, we present the approach used to determine safety scenarios, a preliminary risk analysis concerning 
a particular scenario involving fractures,  the most important results obtained in experiments l ooking at caprock -CO2
interactions as well as the associated modeling results aiming at determining the chemical reaction path and  
adjust ing parameters such as the kinetics of mineral dissolution and precipitation. These results are integrated in 
large reservoir scale calculations and interpreted with respect to the potential impact on caprock integrity.  
2. Main processes and parameters in  CO2 storage 
The most important components of the storage are: the wells (production wells and possibly operational or 
abandoned production wells),  the reservoi r, the caprock, and the CO2 phase (Figure 1). The CO2 which i s captured 
in the industrial facility is transported in the liquid state and injected into the well where it  becomes sup ercritical 
beyond the critical P and T  conditions (37°C, 73 bar ). T he supercritical CO2 (SC-CO2) is an intermediate state 
between liquid and gas providing interesting properties such as an intermediate density (~0.6) and a  low viscosity  
close to the value for gases . The r eservoir is characteri zed by its volume (as large as possible) and adequate 
injectivity prope rties: high poro sity and permeability. The caprock is usually a clay -rich material  (CRM) as widely 
implied in sequestration, confinement and trapping in geological settings (acid gas, o il,  pollutants, radioactive 
wastes…). It possesses interesting properties attributable to the fined grained clay particles: capillary barrier, low 
permeability, high sorption and ion exchange capacity, and swelling abilities  whi ch determine  its sealing fun ction.
The persistence of the C RM sealing function over time depends on the interactions b etween the clay minerals , CO 2
and water.  
Depending on the injection rate, a SC-CO2 bubble rapidly  forms and starts to migrat e upwards under the action of 
buoyancy for ces, eventually reaching the caprock. The caprock constitutes the first  trapping mechanism acting in the 
short term and referred to as the structural trapping (Figure 1).  
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Figure 1. CO 2 storage components and phenomenology  
Another trapping mechanism also plays an important role in the mid -term: the capillary trapping which is due to 
the non -wetting character of the SC-CO2 and to the fact that it tends to be trapped in the center of the pores as a 
result of capillary forces  whereas the wate r sticks to the grains  (see Table 1) . Even if the CO2 is very soluble in the 
formation water and dissolution starts as soon as it is in contact with water, it is usually considered that the amount 
of dissolved CO2 accounts for a significant trapping mechanism when the bubble starts to spread. In the longer term, 
water charged with high CO2 content eventually tend to plunge downwards as it becomes denser than the formation 
water  from the reservoir. The last trapping mechanism, and the most durable, one invol ves the precipitation of CO2
in the form of various carbonate minerals.   
The injection of CO2 also  induces an increase of pressure in the reservoir and a perturbation of the constraints or 
stress distribution as well as the acidification of the formation w ater leading to chemical reactions with the minerals 
constitutive of the reservoir and the caprock. The understanding of the phenomenology involved in the evolution of 
the reservoir-caprock system therefore requires to gather data including or related to: temperature and pressure , 
phase properties for SC-CO2 (density, viscosity, solubility), flow properties (capillary curve), rock transport 
properties (intrinsic permeability, tortuosity), fluid transport properties (relative permeabilities, diffusion 
coeffi cient), geochemical properties (thermodynamic and kinetic parameters), geomechanical properties (elastic, 
visco-plastic parameters).  
3. Safety assessment approach  
The qualitative safety analysis consists in a functional analysis of each component (reservoir, caprock, wells , 
overlying geological series ) with the uncertainti es associated  to the component characterization and to the processes 
susceptible to cause the failure  of the safety function such as interactions between components (e.g. geomechanical 
or geochemical  p rocesses). This analysis leads to (1) a reference case scenario, or normal scenario, based  on the 
assumption that the performance/safety function of the components are effective  and (2) degraded scenarios where 
one or several safety function have failed.  This “failure of safety function” approach provides the keys to the  
identification of all potential  pathways for CO2 migration towards the geosphere, e.g. through diffusion, advection in 
matrix, advection in fractures (see Figure 1 and Table 1 for the fracture scenario).  
A crucial step of the methodology is also to define the s afety criteri a and a h ierarchy of the most influential  
phenomena with the associated data coming from experimental work , natural analogs and integrated modeling . All 
this knowledge is then capitalized into a safety tool which has to be robust and reliable in order to demonstrate that  
it describes correctly the behaviour of the complex coupled systems . This tool is used to calculate the impact of CO2
leakage from the system  ac cording to the different scenarios identified in the safety analysis.  
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3.1. Normal or reference case scenario  
The normal s cenario corresponds to the case where the injectivity properties of the reservoir are satisfactory and 
allow for the SC -CO2 bubble to rise and spread, i.e. without dramatic increase o f pressure close to the well ( well 
damage) or close to the caprock (fracturing). In this scenario, the SC -CO2 bubble is also considered to be trapped in 
the reservoir  and does not enter into the caprock, as a res ult of a sufficiently high value for the capillary entry 
pressure. At the opposite, the dissolved CO2 diffuses into the caprock and reacts with the minerals.  
In addition, t his scenario also assumes that : 
- the impurities potentially present  in the CO2 phase  (O2, H2S, CH4, N2, NOx, SO 2, mercaptan,  amines… ) do not 
affect its properties , 
- there are no fractures (or they may be closed),  
- the wells are considered to present no defects (sealing is perfect),  
- the components of the system, reservoir and caprock, are homogeneous.   
This normal scenario is the basis for performance calculations at the scale of the reservoir/aquifer. A reaction -
transport calculation at the local scale of the interface between the reservoir and the caprock can be performed to 
simulate the e volution of the system during CO2-driven geochemical alteration  and assess the persistence of 
confinement properties (porosity, in this case). The results show that the porosity of the caprock may increase quite 
significantly in a period of time of 10,000 years mainly as a result of the dissolution o f carbonate minerals.  
In the case  of the carbonaceous Comblanchien formation (Paris Basin, France; this formation is in fact the 
transition zone between the reservoir and the caprock ) put in contact with a sal ine solution in equilibrium with SC -
CO2, the porosity increases from the initial value of 15% to 25% in the first 15 cm from the interface, following the 
decrease in pH from 6.1 to 4.9 in the same zone (Figure 2). The  extent of the alteration zone  d epends on the 
diffusion coefficient (De= 10
-11  m2/s in this case, T = 80°C ), and  if we consider that  it is proportional to the square 
root of D e than an uncertainty of a factor 100 for the diffusion coefficient  will only result in a 10 -fold increase of the 
front penetration. In this case, we can therefore consider that the pH-buffering capacity prevents any leakage of CO 2
in a caprock that is  several meters thick  in a period of time of 10,000 years. In t his simulation, we also considered 
the reactivity of the clay minerals which support most of the sealing capacity and the precipitatio n of other 
secondary minerals. However, the conclusion concerning this scenario i s not influenced even with the uncertainty 
related to the reactivity of the clay minerals (see section  3.2).    
The reference case for safety assessment can therefore be considered as a “ no leakage scenario”.   
Figure 2. Evolution of porosity  and pH as a result of the injection of a solution in equilibrium with SC-CO2 into the cap rock. 
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3.2.  Degraded scenarios  
These scenarios are built by looking at any potential d eviation from the normal  scenario . A systematic analysis of 
the hypotheses and uncertainties related to the normal evolution of the system is performed. An example of “ what 
can go wrong ” analysis is provided in the particular case of the existence of a discrete fracture or a network of 
fractures in the caprock (Table 1). The phenomenology of processes occurring in the caprock allows to identify 
other potential pathways for CO2: 
- if the pressure of the bubble exceeds the capillary entry pressure (CEP) at the interface with the caprock, the 
migration of  the  SC-CO2 bubble in the caprock can occur through buoyancy flow. Typical values for the CEP vary 
from 2 to 5 MPa, but most of the values found in the literature are not measured directly and usually not with SC-
CO2 (rather they result from experiments with other gases, e.g. N2 or Ar,  and calculations with measured angles of 
contact  and interfacial tension ). Calculations at the r eservoir scale show that this pressure can easily be reached  (se e 
section 4.1) and heterogeneities in the caprock petrographical properties also reduces the CEP , so the probability of 
this scenario is quite high;    
- if pressure is higher, the migration of  the SC-CO2 bubble may be triggered in the caprock by dil atancy -driven 
flow;  
- if the pressure still increases, fracturing may occur in the caprock with subsequent migration of the SC-CO2 
bubble in the fracture; 
- the migration of the SC-CO2 bubble in the caprock in fractures/faults  reactivated through chemical, mechanical 
or coupling of the two processes (see overlap in the mid-term of the storage evolution in Table 1);  
- the migration of the CO2 towards the geosphere though defective abandoned wells . 
In these scenario s, the migration of the SC-CO2 bubble will transport the chemical perturbation into the caprock.  
Such a coupling between geochemical reaction and transport can  provide adverse feedb ack which will in turn trigger 
further alteration. A convective component needs also to be added in this case that will also concentrate the 
reactivity in the weakest part of th e caprock (e.g. containing more carbonates) and create a preferential pathway for 
the migration of CO2. 
 
The integration of  results coming from geochemical experiments into scenario analysis is used to establish 
hierarchy of processes and the impact on the caprock integrity. These experiments are designed to determine the 
geochemical reaction path and to adjust kinetic parameters. A direct in fluence of dissolved CO2 and SC-CO2 has 
been identified with respect to carbonates minerals stability in the sh ort term. The acidification of saline water 
results in a significant dissolution of the carbonate minerals, which will particularly alter the cement in the 
carbonaceous caprock. The strong reactivity of the carbonate minerals is triggered very early in the life of the 
storage and could affect the safety of the storage especially if it occurs in the fractures which can be filled with 
carbon ates as i t is for instance the case i n the carbonaceous context of the Paris basin (Crédoz et al., 2008).  
 
Concerning the clay minerals, it is more difficult to draw conclusions from the experiments because the kinetics 
of the reactions ar e much slower so that the extent of the reactivity is much more tenuous. The experiments show 
essentially the beginning of a destabilization of the illite/smectite interstratified fraction (I/S), forming a more illitic 
fraction incorporating iron  (e.g., Crédoz et al., this issue; Hubert et al., 2008; Kohler et al., 2008).  In the context of 
Charmotte, the source of iron comes from the dissolution of an iron -rich dolomite mineral which are less stable than 
a well crystallized dolomite . This illitisation of the I/S fraction, which is v alidated by long term experience (1 year), 
may impact the mechanical resistance of the caprock and also affect the transport properties. The most difficult 
challenge is to quantify the alteration of the clay minerals in order to asses the impact on confinement properties of 
the caprock. 
 
An important point is that t he trapping mechanisms are more and more efficient with time 
(structural capillary  solubility mineral trapping) but safety is critical in the short term essenti ally due to the 
injection-induced mechanical stress , and in the medium term due to the coupling between mechanical and 
geochemical perturbations  (Table 1) . 
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Table 1. Safety function analysis for the fracture  
3.3. Safety criteria  
In the safety assessment, one has to identify potential adv erse event affecting the confining function of the 
storage and resulting in an impact to the  environment or the population . The safety assessment finality is to produce 
either preventive or protective actions to ensure safe and secure storage. A first exam ple of such a criteria is the 
commitment to limit  global temperature inc rease (< 2°C ) by ensuring a confinement of the CO2 during periods of 
time larg er than 1000 yrs  (IPCC, 2005).   
A more direct risk in terms of sanitary impact is associated to the case o f brutal , massive and localized leak due 
to a fracture. One way to  avoid this accidental situation is to identify these situations during the site screening phase 
where the occurrence of major faults , high seismic activity, preexisting heterogeneity or discontinuity should result 
in an early discard of the site. Other safety criteria can be based on the risk of polluting overlying aquifer which may 
be exploited for drinking  water: low pH may result in the acidification  and the leaching of heavy metals carri ed 
along the path way of fluid migration . An impact assessment needs to be performed in order to calculate the 
concentrations of heavy metal to be compared with drinking water standard and regulation. In any case, the 
consequences depend on the leakage rate  and location.  
4. Safety calculations  
Large scale simulations aim at calculating the evolution of the whole system and the interactions between the 
different components of the storage system, without too much detail and calculating large scale parameters such as 
pressure, stress, saturation etc.  in the normal scenario (performance assessment) and in degraded scenario (assess the 
Risk analysis for discrete/net work fractures scenarios 
location of 
critical
point* 
short term mid term long term  very long term  
 ~years  ~decades  ~100 years  ~1000-10,000 years  
dominant trapping  Structur al capillar y Solubilit y mineral 
1 2 3 4 
pre-existing 
fracture (network)  
preferential (fast) pathway through a 
fracture or network of fractures  
reacti vation due 
to inject ion 
(mechanical
stress)  
reacti vation of pre -existing fractures 
due to the increase of pressure in 
the reservoir during CO2 injecti on 
fracturing of caprock due to the 
excessi ve pressure in the reser voir 
during CO2 injectio n 
induced seismic  acti vity to the brutal  
relaxation of constraints 
accumulated  during injectio n 
reacti vation due 
to geoch emical 
process es 
reactivatio n of discrete fractures as a res ult of chemical 
alteration of the filling material in the fracture    
reacti vation of a network of small (undetected) fractures or 
creation of such an heterog eneity 
external event seismic event or man-made event affecting the stress distribution in the 
storage and causing the activation/creati on of fractures  
 subsequent dri lling in the reservoir after the surveillance period of the site  
* 1. well  ; 2.reservoir  ; 3.caprock  ; 4.overlyingseries  
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robustness of storage). These parameters may be  used afterwards in local  scale calcul ations to investigate specific 
safety issues concerning for instance fractures.  
4.1. Large scale calculations 
The calculation s of the CO2 bubble migration in a r eservoir is performed  based on  the geometry of the pilot 
injection site of Saint Martin de Bossenay (Paris Basin , France), with a reservoir of 1 km  by 5 km in surface area, 
and 100 m in height. The simulated domain includes  a 20 meters thick caprock and t he injection rates simulated 
range from 500 t/a to 3200 t/a over 40 years. The pressure in the reservoir is 200 bar, temperature is 80°C and the 
salinity of the water is 0.1 g/l. A range of typical values for the reservoir and the caprock parameters were tested 
(porosity, intrinsic permeability, capillary curve as well as a relative permeability model for SC -CO2 and water ). 
The major results of these calculations show that the maximal pressure reached in the reservoir close to the 
injection point is about 260 bar (at the end of the injection)  which propagates towards the caprock to reach a 
maximal value of 220 bar  when the bubble contacts  the caprock after 20 years . This value is  comparable to that of  
the capillary entry pressure which is thought to prevent the SC-CO2 bubble from entering the caprock.  The SC-CO2
bubble also tends to spread laterally as a result of the difference between the horizontal a nd vertical permeability  (Kv
is often one order of magnitude higher than Kh), increasing the surface area of contact between the bubble and water 
and favouring the solubilisation of CO2.
After the injection, the pressure decreases slowly as the bubble continues to diffuse and to spread laterally. It is 
worth noting that the gas saturation at the interface is always lower than ~40% which rules out a complete “drying” 
of the porosity at this location and the alteration of the minerals in the caprock as a res ult of direct contact with SC-
CO2.
4.2. Local calculation based on safety functions 
“Safety-based” local calculations are used to assess SC-CO2 leakage rate in different scenarios where the 
confinement function of one or several component have failed. The case of discrete fracture investigate s the CO2
flow rate as a function of  overpressure of the SC-CO2 bubble in the reservoir. The flow rate essentially depends on 
the characteristics of the fracture: size, aperture, permeability. In the calculation, the system consists of a unique 
fracture in a caprock (20 m thick) where the fracture properties are the same as for the reservoir but with  a three 
order of magnitude higher permeability . The results show that there is an overpressure threshold ( ~5 bar) before a  
significant SC-CO2 flows out of fracture . Above this overpressure threshold, the rate flow is proportional to the 
overpressure (Darcy law). This example illustrates only one of the series of calculations which have to be performed 
where in which all the degrad ed scenarios identified in the safety analysis must be investigated as well as the range 
of values covering the uncertainties concerning the parameters of the processes involved in the scenario. 
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Figure 4. Evolution of the CO2 flux out of t he system as a function of the CO 2 overpressure in the reservoir.  
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5. Conclusions 
The safety case is the set of arguments and analyses used to justify the conclusion that a specific storage system
will be safe. To achieve this goal, a global safety assessment of geological storage of CO2 is proposed in two steps: 
(1) a functional analysis of the components involved in the storage and (2) a systematic analysis of potential 
component failures which results in the definition of degraded scenarios  used for the safety case calculations . The 
first step produces a reference case scenario, with the expected properties of homogeneous components, in which the 
performance of the storage can be evaluated. Results from calculations with degraded scenarios can then be 
compared to this reference scenario.  In these analyses, results coming from site characterization,  dedicated  
experiments, modeling  at different scales and natural analogs are integrated and capitalized in a generic numerical 
safety tool in order to evaluate the a mount of potential leakage according to the various scenarios.  
The safety calculations focusing on  caprock integrity with respect to geochemical reactivity show that , in  the 
reference case scenario described as a purely diffus ive transport of dissolved CO2 (i.e. without migration of the SC-
CO2 in the caprock) , no leakage of CO 2 is expected  due to the fact that the significant increase in porosity potentially 
occurring in the caprock at the interface with the reservoir only extends to several decimeters com pared to the tens 
to hundreds of meters thickness of the caprock .  
The degraded scenario s involve the migration of the SC -CO2 bubble into the caprock, transporting the aggressive 
geochemical perturbation of the acid fluids, either through the matrix or thr ough fractures. The coupling of 
geochemical and mechanical processes represents the worst case scenarios leading to preferential pathways in the 
caprock. An example of calculations at the local scale of a discrete fracture located in the caprock show that the 
amount of CO2 leakage may be significant even at relative low overpressure in the SC -CO2 bubble.       
This work has to be extended to a development effort of new safety tools based on existing codes i n which s tate 
of the art represent ation of  mechanisms and phenomenological modeling is already included (complex multiphase 
flow, reactive transport, fracture, mechanics, homogenization). These features  are necessary as a sound basis for 
simplified, robust, and fast running version of codes which include on ly the key phenomena according to fully 
argumented  simplifying hypotheses and validated paramete rs. In this respect, the u se of stochastic models to 
simulate the evolution of complex systems  m ay also offer new developments to  fulfil these requirements  (Mar rel, 
2008) 
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